Radioactive Iron Studies in Normal and Irradiated Rats Introduction.-The experimental work to be described is concerned with the metabolism of administered radioactive iron in the normal rat, and in the rat whose bone-marrow has been affected by irradiation or by the administration of various drugs. A number of these studies have parallels in clinical applications and the comparison is of interest. In certain types of investigation the animal work can, of course, go much farther than the clinical work, for instance in tissue turnover studies. Also, it is possible to give large doses of radioactive iron, which would be quite prohibitive clinically on account of the possible long-term hazards,
and therefore to employ techniques such as high resolution autoradiography of red cells and red cell precursors.
Iron uptake and turnover studies in the normal rat.-The technique for determining iron distribution and turnover curves in the various tissues ofexperimental animals is not a difficult one. The iron can be administered and after a given interval the animal exsanguinated, dissected and whole tissues and organs counted directly in a well-type scintillation counter.
Parenteral administration of radioactive iron labels the iron in the metabolic pool, part of which is utilized by the bone-marrow for hemoglobin synthesis. Thus the iron turnover curve in the erythropoietic tissues will show a maximum, at a time determined by the rate of uptake of iron and the rate of release of iron incorporated in newly formed Fig. 1 shows the iron turnover curves for certain tissues of the young growing rat given radioactive iron subcutaneously.
Taking the hind-limbs as representative of the bone-marrow throughout the body it can be seen that maximum uptake is achieved after about ten hours (the interval is somewhat less after intravenous injection) and that a large part of the iron has been cleared by forty-eight hours. In the rat the spleen also has a degree of erythropoietic function and it can be seen that the shape of the spleen turnover curve is similar to that of the bone-marrow, but with the maximum occurring rather later. For a quantitative treatment of these results it is necessary to know the fraction of the total active bone-marrow contained in the hind-limbs. This can be determined by dissecting out and assaying the activity of the various parts of the bony skeleton of a rat given radioactive iron a few hours previously. The technique is relatively simple and can be used for determining the skeletal distribution of bone-marrow in any small experimental animal. For rats we find the values to be very consistent, and mean values are shown in Table I . Total 100 0
It will be seen that the hind-limbs contain 27% of the total active bone-marrow. Thus, referring back to Fig. 1 , about 50 % of the radioactive iron injected is taken up by the bonemarrow and spleen and about 50 % by the remaining tissues. The turnover curve determined for the liver shows that about 10% of the injected dose of iron is taken up by this organ, and is released only very slowly. It appears that the release is also slow from the other non-erythropoietic tissues since the final activity appearing in the blood is approximately equal to the total amount of iron taken up after injection by bone-marrow and spleen.
The rate of appearance of activity in the red cells of the peripheral blood is shown in Fig. 2 . There is an initial rise in the red cell activity which occurs while the plasma activity of the blood is still at a high level, and we have shown by in vitro measurements that this corresponds to a direct uptake of iron into the circulating reticulocytes. The rise in red cell activity due to the emergence of newly-formed red cells from the erythropoietic tissues becomes appreciable six to eight hours after injection. The blood activity curve flattens out about two days after injection, showing that appreciable amounts of iron are not taken up by red cell percursors earlier than two days before their emergence into the peripheral blood, a conclusion confirmed by the turnover data. From the shape of the blood uptake curve it appears that the maximum rate of iron uptake in the marrow occurs in red cell precursors within one day of emergence.
To determine the iron uptake in individual cells one can use high resolution autoradiography. The low energy of the ,3-radiation makes Fe59 a particularly suitable isotope for high resolution autoradiography Lamerton et al., 1954) . Our own autoradiographic studies of bone-marrow are by no means complete, but present results show that iron is taken up by all forms of normoblasts (except perhaps the oxyphilic normoblasts) and by the reticulocytes. All forms are approximately equally active one hour after intravenous injection indicating that their rates of iron incorporation are approximately the same. The autoradiographic studies should also allow one to determine the rates at which the red cell precursors pass through their different stages, but work on this aspect of the problem is still in progress.
Comparisons of iron metabolism in rat and man.-There are interesting differences between the pattern of iron metabolism in rat and man. In the first place iron turnover in the bonemarrow is much more rapid in the rat. This affects the shape of the blood uptake curve which in man takes seven to ten days to reach its maximum value. Also in man the first part of the curve is concave, indicating that the iron uptake of the precursors is at its maximum I some days before their emergence into the peripheral blood. Nevertheless, we have been able to demonstrate a direct uptake of iron into the reticulocytes of the peripheral blood of man, though the rate of uptake is several times less than for the rat. Autoradiographic studies of iron uptake in human red cell precursors have been carried out by Drs. Lajtha and Suit of Oxford (1955), using bone-marrow cultures, since the doses of radioactive iron needed are too large for in vivo work. Their results indicate that there is a maximum iron uptake in the early dividing forms (pronormoblasts and basophilic normoblasts) which differs from our findings with rats. It is not yet clear whether this is a result of difference in experimental techniques, or whether it represents a true species difference.
An important difference between rat and man lies in the erythropoietic function of the spleen in the normal rat. As we shall see later the rat spleen has the capacity for greatly increasing its erythropoietic activity under certain conditions, and this is an important factor in determining the response of the animal to agents such as ionizing radiation. Excretion of iron and red cell survival.-Some interesting results may be obtained from the application of Fe59 techniques to the study of red cell destruction (Belcher and Harriss, 1956 ). Parenterally administered Fe59 labels a group of red cell precursors of nearly the same age, in contrast to Cr5' or P32 labelling techniques where cells of all ages are labelled. By studying the fate of this labelled cell group one may distinguish between random destruction mechanisms, affecting cells of all ages, and the eventual breakdown due to senescence of cells surviving random destruction hazards.
A small fraction of the radioactive iron returned to the metabolic pool as a result of the breakdown of labelled cells is excreted, the rest being re-utilized. If the labelled cells are to be studied by the assay of serial blood samples, this re-utilization must be blocked by large doses of inactive iron. However, other methods of study are possible where re-utilization does not interfere and need not therefore be blocked. For example, frcal excretion can be used as an index of red cell breakdown, and in Fig excretion obtained in the rat after the injection of a single dose of 10 /Lc Fe59. Immediately after injection, excretion is fairly high (about 1 % of the original dose per day) as iron is cleared from the plasma and storage sites. However it soon falls to a level of about 0-1 % per day representing a constant random destruction process, which is maintained up to about 50 days. Hereafter, faecal excretion increases by a factor of 2-3 to a broad maximum representing the breakdown as a result of senescence of those cells surviving random destruction. These data indicate a random destruction rate in the normal rat of 1 4 % per day and a potential life span of 55 days. After splenectomy, the potential life span is increased to about 70 days. Injection of phenylhydrazine causes an immediate increase in faecal excretion due to enhanced random destruction. It may well be that this method could be used to study red cell surviv'l in man.
Similar results are obtained by autoradiographic studies in which the percentage of active cells remaining in the blood at different times after the injection of radioactive iron is determined. The percentage of labelled cells in the normal rat shows a sharp fall at about 55 days; again after splenectomy the potential life span is increased to about 70 days.
Effects of irradiation on iron metabolism.-As demonstrated first by Hennessy and Huff (1950) , radioactive iron uptake in the blood may be used as a criterion of the bone-marrow impairment produced by radiation. These workers showed that, in rats, the uptake of radioactive iron in the red cells of the peripheral blood is depressed by whole-body radiation given prior to the injection of the iron. We have not been able to confirm the claim made by these authors to detect the effect of a dose of as small as 5 r, given forty-eight hours before the injection, but have shown that, using groups of 5 rats, a dose of 25 to 30 r given twentyfour or forty-eight hours before injection causes a significant reduction in the twenty-four hour blood uptake, that is, the percentage of the injected dose appearing in the blood twentyfour hours after administration Baxter et al., 1955) . This is a very attractive application of a radioactive iron tracer technique, since it provides a sensitive criterion of bone-marrow impairment which can be used not only for studying the effects of radiation but also of various drugs which affect the bone-marrow. Its usefulness, both in experimental work and in possible clinical applications, depends, however, on a knowledge of the mechanisms involved, which are by no means fully understood. In an attempt to learn something of the mechanisms we have followed the iron uptake in the blood with various intervals between irradiation and injection of iron. Fig. 4 shows the twentyfour-hour uptakes at various times after irradiation with 100 r, 200 r and 400 r, whole-body exposure. Data are given for two strains of rats and there is seen to be very little strain difference. For all three dosages the curve falls to its lowest point, corresponding to the minimum output of new red cells, at about two days after irradiation. The depth of the minimum and the time for recovery depend on the dose given. With both 200 r and 400 r recovery is interrupted at six or seven days after irradiation. This is not an isolated observation, and we have found this pattern of bone-marrow recovery after irradiation in a number of experiments.
It is of interest to consider the final uptake in the peripheral blood. When iron is injected two days after irradiation at 100 r, 200 r and 400 r the fifteen-day uptake observed is below the control value. However, when iron is injected at the same time as the irradiation is given, the percentage of the injected iron appearing in the blood fifteen days after 100 r and 200 r is approximately the same as that of the controls although after 400 r it is still below the control value. This finding suggests that doses of up to 200 r do not seriously damage the red cell precursors which are capable of iron incorporation. These cells are, however, held up in the marrow, and their emergence into the peripheral blood is delayed. The reason for this delay is not clear. It might be a direct radiation effect on the later precursors, but for various reasons this is unlikely. Alternatively, it might be the result of environmental changes resulting from damage to the earlier dividing forms or of some humoral factor produced from irradiated tissue. After a dose of 200 r the minimum in the twenty-fourhour uptake curve occurs at two days after irradiation, suggesting that at this time there is a deficiency of cells in the iron-incorporating stage. It may be that many of the later forms which were initially delayed by the radiation have by two days emerged into the blood leaving a deficiency which is later filled up by a compensatory proliferation.
There are other possible explanations of the minimum at two days, such as the inability of the later forms to take up normal amounts of radioactive iron, because of their delay in emergence. The mechanism is still very conjectural and it may be that further histological and autoradiographic studies will make the process clearer.
Until the various factors are sorted out it is not possible to predict what will occur with other species. However, if the minimum uptake is due to a deficiency in the number of ironincorporating cells, it is likely that in man it will occur at a longer interval after irradiation than in the rat owing to the slower maturation of the red cell precursors. It is not possible to say whether the radioactive iron technique will be as sensitive a criterion of radiation effects in man as in the rat. The small amount of clinical work that has been done on wholebody irradiated subjects (by Dr. Suit at Oxford and by Dr. Sinclair at Houston, Texas) suggests that it is not as sensitive. L Turnover studies in irradiated animals.-In the rat the spleen appears to play an important role in determining the pattern of recovery of erythropoietic function after radiation. Tissue turnover studies in rats made anxmic by a whole-body dose of 400 r show that the recovery of erythropoietic function starts in the spleen, and that bone-marrow erythropoiesis does not approach normal values until later. By contrast, we find that in rats made anxemic by bleeding, both spleen and bone-marrow contribute to the increased erythropoietic function in recovery (Baxter et al., 1955) .
The role of the spleen is also important in recovery following partial body irradiation, but the pattern of recovery differs considerably from that after whole-body irradiation. We have found that shielding part of the active bone-marrow of the rat, for instance a hind-limb, during radiation exposure reduces very greatly the severity of the post-irradiation anamia. This is due, in part, to the maintenance of platelet count above the critical hemorrhagic level, resulting from megakaryocyte activity in the shielded marrow, but iron turnover studies have shown up some interesting features in the recovery of erythropoietic function of the leg-shielded animal. We have carried out a systematic determination of the iron turnover curves for various tissues at different times after doses of 200 r and 450 r for groups of leg-shielded and of unshielded rats. During the first few days after irradiation the shielded limb has a very high iron turnover. This returns to normal within a few days, but iron turnover in the spleen of the leg-shielded animal increases in erythropoietic function earlier than in the whole-body irradiated animal. Full details of these studies will be published elsewhere, but two of the series of turnover curves, at two and at twenty days after 6. -Iron tumover in whole-body irradiated rats and in rats irradiated with right hind-limb shielded, animals being injected subcutaneously with Fe'9 twenty days after 450 r. 450 r, are shown in Figs. 5 and 6. The curves for two days (Fig. 5 ) show a very low iron uptake in the unshielded limbs and in spleens, and a high turnover in the shielded limb. The liver uptake is much higher in the control animals and very little radioactive iron is released into the blood. At eight days the unshielded hind-limbs had increased their turnover, and the spleen of the leg-shielded rat was more active than the spleen of the unshielded rat. At twelve days one could still observe the increased splenic iron turnover in the leg-shielded animals, while marrow uptakes were less than at eight days and considerably lower than normal. By twenty days (Fig. 6 ) the spleen of the unshielded rat has become very erythropoietic although the marrow has not yet recovered.
At the moment one can only guess at possible explanations of some of these findings, particularly with regard to the pattern of splenic erythropoiesis. It is possible that one may be observing the action of regenerative factors produced from the shielded limb, but there is as yet no direct evidence of this. Summary.-Techniques employing radioactive iron have been used to investigate various aspects of erythropoiesis and red cell survival in the normal and irradiated rat. A special ,I I I study has been made of the pattern of iron turnover in the various tissues and the effect of whole and partial body irradiation.
Dr. Mary D. Smith (Radcliffe Infirmary, Oxford): Clinical and Experimental Studies with Radioactive Iron with Special Reference to Iron Absorption after Partial Gastrectomy Alimentary iron absorption has been studied before and after partial gastrectomy. No consistent diminution in absorption occurred after operation but isolated cases showed considerable reduction in iron assimilation.
Material.-Iron absorption tests were carried out on 28 patients with peptic ulcer from the Surgical Waiting List. Patients with anlemia or a history of frank blood loss before operation were not included. 21 patients were available for further study at six weeks and six months after operation. A further 27 patients were investigated at one to five years after a Polyatype of operation. 8 of these were found to have hypochromic anlemia and were treated with intravenous iron; in 6 absorption levels were re-estimated.
Method.-The test dose of 5 mg. elemental iron in the form of ferrous sulphate, labelled with 5 uc Fe59, was given with 50 mg. ascorbic acid as a drink in the morning on a fasting stomach and fasting continued for another two and a half hours. The unabsorbed iron was estimated by counting the radioactivity appearing in the faces (Badenoch and Callender, 1954) . The iron not recovered was assumed to have been absorbed. The absorption was checked by estimating the amount of iron subsequently incorporated in the red blood cells. There was a consistent correlation between the fecal and the blood results, although up to 15 % of the administered dose was sometimes not accounted for.
Results.-In 10 normal subjects absorption ranged from 8 % to 39 % of the test dose with a mean of 26 %. Repetition of the test under the same conditions showed variations of up to 23 % in individual subjects. Iron absorption before operation in peptic ulcer patients ranged from 7 % to 69 % with a mean of 29 %. After operation differences from preoperative levels were often greater than the variation inherent in the test, changes of up to 43 % being observed. The trend was towards diminished absorption but in individual cases this was not always maintained over both post-operative tests, and in a few instances there was a considerable increase in assimilation. In 3 cases, however, there was a reduction of over 30 % in both post-operative tests, absorption falling to less than 10 % of the dose given (Fig. 1) . The wide range of absorption and the alterations after operation could be related neither to plasma iron concentration, to any possible depressive effect of blood transfusion at operation, nor to the type of ulcer present.
Of the 6 patients who had a Polya partial gastrectomy 5 showed a reduction in iron absorption. In the 19 other patients, however, who had had a Polya operation one to five years previously, and who were not anemic, the mean absorption was 35 %, which was slightly greater than for patients with peptic ulcer before operation. In the further 8 who were found to have iron-deficiency anemia the mean absorption was 50%, although one patient whose hemoglobin was 10 grams/100 ml. absorbed only 15% of the dose. This increase in absorption was in keeping with the mean of 67 % for a group of 18 patients having hypochromic anmmia due to chronic blood loss but in whom the mean hbemoglobin level was slightly lower. After treatment of the anemia with intravenous iron the absorption levels of the Polya patients fell to the lower limit of normal. Discussion.-It is generally believed that the stomach and duodenum are important sites of iron absorption and that excision or short-circuiting of these regions by partial gastrectomy may predispose to iron-deficiency anaemia. The results presented show that although there may be a trend towards diminished absorption of soluble inorganic iron after partial gastrectomy, there is no consistent decrease in iron assimilation, and only isolated cases show significant impairment of iron uptake. Patients with partial gastrectomy who have developed iron-deficiency amemia do not show a malabsorption pattern but are capable of augmenting iron assimilation in almost comparable degree to patients known to be anaemic from chronic blood loss but having an intact alimentary tract. The evidence suggests that malabsorption of iron alone is unlikely to be the cause of iron deficiency after partial gastrectomy and that good iron absorption can take place beyond the duodenum. These studies have, however, presented ideal conditions for iron assimilation and it is possible that food iron is handled in a different manner. REFERENCE BADENOCH, J., and CALLENDER, S. T. (1954) Blood, 9, 123. 
Radioactive Iron Studies in Routine Harmatological Practice
The value of 'iron tracer studies for research into normal and abnormal iron metabolism is well recognized. (Finch et a!., 1949; Huff et al., , 1951 Huff et al., , 1953 Ledlie and Baxter, 1954; Badenoch and Callender, 1954) . We have been principally concerned with the application of intravenous tracer techniques to routine haematological problems. Studies have been carried out in 80 patients with a variety of kematological disorders, and our object is to discuss briefly the interpretation and value of some of these results.
Following the intravenous injection of 10 juc of a tracer dose of iron we have used three techniques for following its metabolic pathways (LeDdlie and .
(1) The plasma clearance. Iron is cleared exponentially from the plasma with a normal half clearance time of 70-120 minutes. Rapid half clearances are obtained as might be expected in hlemolytic anaemias, polycythaemia and in iron deficiency amemia, and slow clearances when there is functional failure of erythropoiesis. However, these clearance times are partly dependent on the size of the labelled iron pool and also they are not simple functions and represent clearance to more than one organ. Their value as an assessment of erythropoietic function is, therefore, limited.
(2) Secondly, an estimate is made of the percentage of the total injected dose used for himoglobin synthesis. Utilization is maximal by the tenth day, and in the normal is between 70-80%. Utilization is lowered in functional erythropoietic failure, but this figure is again not an entirely reliable guide to red cell production as the results are modified by the size of the labelled plasma pool. This is shown by the apparently decreased utilization found in haemochromatosis in spite of the normal marrow function. Furthermore, if there is himolysis with random red cell destruction the percentage utilization is low despite an increased red cell production. The reason for this is not entirely clear but is possibly due to iron entering a large, slowly turned-over pool in the reticulo-endothelial system.
(3) It is evident that both these techniques have some limitation as an assessment oferythropoietic function, and we have found that the addition of surface counting techniques adds considerably to the information.
Following the injection of iron, changes in activity are estimated over the sacrum, spleen, liver and heart using a directional scintillation counter without collimation. The activity is recorded directly on a ratemeter in counts per second. In interpreting these results we are concerned principally with rate of change over each organ as there are considerable differences in counting conditions from organ to organ and from patient to patient. RESULTS Normal.-The heart count falls as the plasma is cleared of iron, and at the same time the marrow count rises, reaching its peak at approximately thirty hours. There is then a gradual release of red cells containing Fe59 and the marrow count falls while the heart count rises.
Red cell activity can be observed as early as five to ten hours and is maximal at seven to ten days. The spleen shows little significant change, and there is usually a small liver peak at about seven to ten hours, indicating a constantly turning over iron pool in this organ.
It is necessary to recognize that, like the plasma clearance and the iron utilization, these curves are liable to misinterpretation, for organ activity depends not only on iron in the specific organ iron pool but also on the activity of blood flowing through the organs.
Abnormal cases.-Certain well-defined patterns of abnormality are described to illustrate the value of these techniques.
(1) Hypoplastic or aplastic type ofanaemia. These cases are characterized by a flat marrow curve together with a slowly ascending liver curve which reaches a peak between thirty-six and two hundred hours, indicating a slowly turned over, large iron pool in the liver. The plasma half-clearance is very slow and percentage utilization reduced.
(2) Hamolytic antemia. In these patients there is a rapid plasma clearance together with a rapid and high marrow uptake. The percentage utilization is low, and there is frequently a late splenic rise unaccounted for solely by blood activity and probably due to splenic destruction of red cells.
(3) Extramedullary (splenic) erythropoiesis. The striking feature of these cases is the rapid splenic rise reaching a peak at about thirty hours and then declining. The marrow curve is generally flat. The plasma clearance and percentage utilization depend on whether there is an accompanying hemolysis.
CONCLUSIONS
These observations, which will be published in greater detail elsewhere, indicate that theEe techniques, particularly if combined with cell survival studies, enable one to obtain a dynamic picture of erythropoiesis which frequently allows a more rational approach to therapy.
